The imaging of soft X-ray images is typically performed with charge coupled devices (CCDs). However, these can have limited readout speed, dynamic range and can also require significant cooling to obtain the required signal to noise ratio. Active pixel sensors (APS) are able to combine faster readout speeds and higher dynamic range with in-pixel intelligence to allow region of interest readout and adaptive gain. To obtain high detection efficiency and 100% pixel fill factor the sensor is back thinned and illuminated from the backside. We report on the characterization of a back-thinned APS (Vanilla); an array of 512 x 512 pixels of size 25 x 25 microns. The sensor has a 12-bit digital output for full frame mode, as well as being able to be readout in a fully programmable Region-Of-Interest (ROI) analogue mode. In full frame, the sensor can operate at a readout rate of more than 100 frames per second.
Active Pixel Sensors
CMOS active pixel sensors (APS) have gained increasing popularity as portable, low cost imagers in the last 20 years. Despite traditionally suffering from higher read noise than their close competitor the charge coupled device (CCD), they present several advantages via the incorporation of in-pixel functionality, which is driving an increased interest in these devices from the scientific community [1] [2] [3] Figure 1: a: 3T configuration for Vanilla; 1b: Vanilla CMOS active pixel sensor
The core architecture of an APS device is based on the 3T structure (Figure 1a ), allowing reset (M1), integration of the charge (M2) and row select (M3) to be performed within the pixel.
Advantages of CMOS APS include fast full frame rates, Region of Interest (RoI) readout and APS are generally cheaper than CCDs to fabricate. Additionally, on-chip processing can combine the image sensor and image processing functions, increasing speed and reducing physical size. With lower power consumption, APS do not have to be operated at low temperatures for reasonable signal to noise performance. The ability for backthinning allows for improved detection of UV and soft X-ray photons
Vanilla
The device that was tested was the Vanilla APS ( Figure 1b) . Vanilla was designed and fabricated as part of the M-I3 RC-UK Basic Technology grant. It has 520x520 25µm pixels (1.3cm x 1.3cm), with a readout rate of 20 Hz 0.1 Hz, and in Region of Interest (ROI) readout it can have a readout rate of up to 24 kHz (for 6x6 region). The sensor is read out in rolling shutter mode, allowing for continuous readout.
For the Vanilla APS, the pixels in the sensor can be reset with a high or low level voltage, allowing a hard or soft reset. Previous studies have shown hard rest results in slightly elevated read noise but reduced image lag, with soft reset having the opposite effect [4] . The sensor had a 3rd reset mode, which combined a hard reset followed by soft reset. This mode is referred to as flush reset. However, the work presented in this paper was done exclusively employing hard reset to minimise image lag related issues
The sensor was designed to allow back thinning, and a backthinned sensor was used in this work. [5] The back thinning was performed using a combination of polishing, wet and plasma etching. It was then flipped to allow detection from the back side. By performing such a process, the fill factor is greatly increased (as no reflections occur from metals, oxides or passivation layers).
Readout of the sensor was performed using a FPGA development board, with data being transferred to a PC via an Ethernet cable running a custom designed GUI based on C++. All analysis of data presented in this paper was done in ROOT, an object-oriented program and library developed at CERN [6]
A Soft X-Rays
The combination of fast frame rates, reduced operating temperatures and direct (i.e. without the use of scintillator) detection of UV suggest that such sensors would be ideal for direct detection of soft (700eV) Xrays.
This provided the motivation for testing such a device at the Diamond Synchrotron Light Source facility; where such X-ray energies were available and where presently detection is performed using a Princeton Instruments PIXIS-XO: 2048B CCD. This allowed for comparison of CCD and APS technologies for the application in question.
Testing
Before any demonstrator use, the sensor was fully characterised for noise, gain, full well capacity, linearity, quantum efficiency and stability. In this paper, data from the PTC (or photon transfer curve), linearity and spectral response measurements is outlined.
Noise
The PTC is the most fundamental and important analytical technique for imaging sensors, which allows for extraction of the gain, linearity, full well capacity and noise levels for a CMOS APS. For clarity, PTC measurements use the following definitions for noise sources (where P N = number of photons & k = constant) Shot Noise: The standard deviation of the number of interactions per pixel, fundamentally related to the charge generated by a photons interaction with a semiconductor
Fixed Pattern Noise: The noise related to pixel-to-pixel sensitivity differences caused by some pixels collecting charge more efficiently than others. This noise is Fixed as it is not random, but is spatially the same pattern from image to image
Read Noise: Defined as any noise source encountered in imagers which is not a function of signal
Photon Transfer Curve
The photon transfer curve ( Figure 2a ) is derived from plotting the RMS noise (in log-log scale) as a function of average signal at different light levels (or exposure times). This allows for the decomposition of the noise sources, and well as calculation of the camera gain constant, K Figure 2 : a: Schematic of a photon transfer curve; 2b: Schematic of experimental setup for PTC measurements
where S=Signal, σ
A more detailed analysis of this method can be found elsewhere [7] . Plotting the noise versus signal at different pixel intensities then gives the camera gain from the slope of the plot (Figure 3) . In order to isolate the temporal noise sources, fixed pattern noise (FPN) is removed by subtracting two consecutive frames. Note that the process of subtraction doubles the noise in the image thus in order to measure the R.M.S. noise of the system, division with √ 2 is necessary. The protocol for achieving flat field illumination conditions (Figure 2b ) is provided by Standard 1288 of the European Machine Vision Association [8] , which states that if d is the distance between the lights source and sensor, and D is the diameter of the light disk, then the f number of the setup must be
A series of illuminations were achieved using super-bright, narrow bandwidth LED (520nm)
Calibration

PTC
From the photon transfer curve (Figure 3 ) measured, the following data was obtained ( 
Linearity
The linearity data of the Vanilla sensor was fitted up to the 100% of full well capacity with a linear regression (Figure 4a ). After that point deviations of the sensor from linearity started to appear and have been excluded from the fit. A least squares fitting measurement is then made to produce a non linearity plot (Figure 4b ) The origin of these deviations appears due to the change in capacitance as the diode discharges as well as in intrinsic non-linearity of the source follower. Janesick et al [9] has proved, by simulating the photodiodes depletion region as a function of accumulated charge that this nonlinearity is fundamental property of APS and is irrespective of CMOS foundry or pixel architecture. It originates from the breakdown of the depletion region of the photodiode. The simulation has been performed on a pixel with one photodiode. Those observations are confirmed with the Vanilla sensor that has one photodiode per pixel.
Spectral Response
The setup was modified to measure the spectral response of the sensor. A stable, L7893 series Hamamatsu light source with an SMA coupling was attached to automated monochromator with 0.25nm reproducibility via an UV fibre optic. The output was then taken from a 2nd fibre optic to the face of the sensor contained within the dark box. LabView software was used to automate the acquisition of 100 images at each 5nm step from 180-810nm. Dark frame subtraction was performed to remove pedestal values, and the ADC values were integrated over the exposed area. The photon flux was then measured with the calibrated photodiode. Using the camera Figure 4 : a: linearity and 4b: least squared fitting of the Vanilla APS gain constant derived from the earlier PTC measurement, the interacting quantum efficiency of the Vanilla was calculated. For reference, data is also included of a non back-thinned (front illuminated) Vanilla sensor.
The spectral response ( Figure 5 ) can be seen to be improved in the low visible and UV. This is due to the increased fill factor available through the back thinning process. The decrease in detection below 230nm is caused by the absorption of UV photons in air (This was due to the lack of nitrogen purging in the lab setup). 
Direct Detection of soft X-rays
To test the Vanilla for its ability to detect soft X-rays, an experiment was performed at Diamond Synchrotron Light Source, Beamline I06, allowing the use of 700eV X-rays.
The detector used at the beamline was the Princeton Instruments PIXIS-XO: 2048B CCD. It offers high performance in terms of high dynamic range and very low noise, making it well suited to soft X-ray detection. The CCD had 2048x2048 13.5µm pixels, making a detectable area of 2.8cm x 2.8cm. This is roughly 4 times the area of the Vanilla APS (scale shown later in Figure 7) .
Testing the Vanilla APS in respect to the Princeton CCD allowed an indicator to the relative performance of the Vanilla APS for direct soft X-ray detection.
Setup
The setup consisted of using a permalloy (Nickel-Iron alloy) sample placed in the beam to create a diffraction pattern, with the resultant image detected by the device under test (DUT).
This
Noise
The noise of each sensor was calculated for calibration. The CCD was kept at -55 o C, and operated at a range of frame rates and using all 4 readout modes. The Vanilla was also operated using various frame rates, but also at a range of temperatures (Figure 6a ), the noise is flat with integration times, and hence, frame rate. There are reduced levels of noise when operated in the low noise mode as expected. The Vanilla sensor ( Figure  6b ) shows 2 noticeable features. The first is a slight increase in noise as the integration times increases. This is related to the transistor in the pixel having a longer opportunity to collect dark shot noise the longer the pixel is in integrating mode. The second factor is the increase in noise below -10 o C. This is thought to be due to one of the components (most probably the on chip ADCs) not performing at a temperature outside its designed operating range. However, at -10 o C we see the noise of 28e − is in good agreement with the CCDs noise of 20e − (at -55 o C). For this reason, the sensor was kept at -10 o C for the following measurements.
S/N
The diffraction pattern was measured for a range of frame rates. While the CCD was varied from 0.003Hz-0.1Hz, the Vanilla was operated from 0.1Hz-20Hz. Due to these differing ranges, only 1 frame rate could be directly compared (0.1Hz). Below is data ( Figure 7) showing the image of the diffraction patterns for both the Princeton CCD and Vanilla, with corresponding recorded signals at 0.1Hz. By combining the data for noise and signal levels, the following plot ( Figure 8 ) was made of the signal-to-noise ratio for both detectors for varying integration times. It can be seen that the overall trend between both DUT is an increase in S/N as the integration time increases. Despite a small increase in noise floor shown previously, the dominating increase in signal levels takes precedence.
It can also be seen that the S/N ratio for the CCD and Vanilla APS overlap at the point of common integration time (a frame rate of 0.1Hz). This is despite at 45 degree difference in operating temperature for the detectors. 
Conclusions
In this work a backthinned CMOS APS sensor has been fully characterized using the photon transfer curve technique. A read noise of 49 e − was measured with a camera gain constant, K, of 7.4e − /DN. Spectral response measurements were made showing a marked increase in the direct detection of low visible and UV light using a backthinned sensor.
The sensor was taken to the Diamond Synchrotron light source and Tested using 700eV Soft X-Rays. Temperature variation measurements showed a noise of 28e-at -10 o C. Elevated noise levels were seen at temperatures below -20 o C. This is thought to be caused by the on-chip ADCs being operated outside their recommended operating temperature range. However, the noise of 28e-measured at -10 o C is compared to 20e − for the CCD operating at -55 o C. This shows comparable noise performance for the APS despite the 45 o C temperature difference.
S/N levels of 1x10 4 were then measured at 0.1 Hz for both the Vanilla and CCD. This shows the Vanilla APS has a S/N comparable to the currently used detector for soft X-ray measurements, and hence suggests that backthinned APS should be a possible technology candidate for the direct detection of soft X-rays. 
